Measurements of water dissipation and water use efficiency at the canopy level in a peach orchard  by Ouyang, Z.-P. et al.
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Water  deﬁcit  is the  main  limiting  factor  for agricultural  production  in the  dry regions  of northern  China.
Previous  studies  on water–plant  relationships  in  fruit  trees  have  focused  mainly  on ecological,  physi-
ological  and  molecular  responses  to  water  stress  at the  leaf  or tree-scale;  few  equivalent  studies  have
been  conducted  at the ecosystem-scale.  In  this study, we monitored  water  vapour  exchange  and  water
use  efﬁciency  (WUE)  in a no-till,  12-year-old  peach  orchard  using  an eddy  covariance  technique.  Daily
average  values  of  actual  evapotranspiration  (ETa) and  WUE  were  2.3  ±  2.1 mm  and  0.44 g CO2 kg−1 H2O,
respectively,  across  the  monitoring  period.  Daily  changes  in  WUE  at the  canopy  level were  strongly  inﬂu-
enced  by  atmospheric  vapour  pressure  deﬁcit (VPD)  during  stages  rapid  plant  growth.  The  rank  order
of  WUE  across  developmental  stages  was:  fruit  post-harvest  stage  > fruit  de-greening  and  red-colouring
stage  > ﬂowering  period  and  early  fruit  enlargement  stage.  The  trends  of  water  dissipation  and  WUE
both  had  single  peaks.  During  the  late  period  of  fruit  enlargement,  the  rate  of actual  evapotranspira-
tion  was  very  high,  reaching  a  daily  maximum  value  of  7.1  mm  d−1. Average  daily  WUE  ranged  up  to
2.1  g CO2 kg−1 H2O, peaking  after  fruit  harvest.  The  annual  cumulative  actual  evapotranspiration  reached
790.6  mm,  with  a crop  coefﬁcient  1.08.  In  conclusion,  WUE  was  strongly  inﬂuenced  by  VPD in the  daytime
during  peach  development,  and  the  key  stage  of water  requirement  occurred  in  the  period  following  the
onset  of fruit  ripening  in  the  orchard.
 201©
. Introduction
About 1 million ha of land in China is currently under peach tree
ultivation. Most of the orchards are in northern China where the
limate is arid or semi-arid and water for human use is scarce. Land
uitable for crop production is limited and peach orchards have
een planted in terrain that is either hilly or otherwise unsuitable
or crop cultivation. Hence, the peach trees frequently suffer seri-
us drought stress. Measures of plant evapotranspiration and water
se efﬁciency (WUE) are important indicators of the responses
f plants growing under different soil water conditions, includ-
ng drought (Wang, 1991). In the past, these two parameters have
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been determined at the scale of leaves or whole trees, in studies
of physiological and molecular mechanism responses to environ-
mental factors (Cheng and Luo, 1990; Williams et al., 2004; Dong
et al., 2005; Gao et al., 2006; Abrisqueta et al., 2012), and as compo-
nents of irrigation management measures (De Azevedo et al., 2006;
Cheng et al., 2007; Qassim et al., 2013). Investigations of water dis-
sipation and WUE  at the canopy level in fruit orchards began in the
last century, and those results could play a more signiﬁcant role in
ﬁeld water management practices.
The development of ﬂux-monitoring procedures including eddy
covariance method, the Bowen ratio–energy balance principle, and
the large aperture scintillametre, among others, enabled evapo-
transpiration studies at the orchard-scale for kiwi plantations
(McAneney et al., 1992; Judd et al., 1993), lemons (Daamen et al.,
1999), olives (Testi et al., 2004; Ezzahar et al., 2007; Cammalleri
et al., 2013), citrus (Rana et al., 2005), peaches (Pac¸ o et al., 2006a,
2006b; Qassim et al., 2013), bananas (Tanny et al., 2006), vines
Open access under CC BY-NC-ND license.(Echeverría et al., 2012) and pineapples (José et al., 2007). In unshel-
tered northern New Zealand kiwi fruit orchards, evaporation ﬂux
is almost equal to the evaporative force (McAneney et al., 1992),
but in kiwi orchards protected by fast-growing shelter belt trees,
license.
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UE  is only weakly dependent on the levels of solar radiation and
ater dissipation (Judd et al., 1993). In spite of these recent devel-
pments, there is a dearth of long-term systematic investigations
nto water dissipation and WUE  at the orchard-scale. In the present
tudy, we examined seasonal trends in water dissipation and WUE
sing the eddy covariance technique in no-tillage peach orchard
ith coarse sand in northern China over the whole period of fruit
roduction.
. Materials and methods
.1.  Site description
The  study was performed between day of year (DOY) 207 in
010 (July 26, 2010) and DOY 203 in 2011 (July 22, 2011) in a
35 ha peach orchard located northwest of Beijing (N 40◦10′25.4′′,
 116◦07′53.6′′; 61.7 m elevation above sea level). The orchard
as on a piedmont alluvial plain at the intersection of the Tai-
ang and Yanshan cordilleras. Fruits were the major arable produce
n this region. This area has a continental, monsoonal, warm-
emperate, semi-humid climate; the mean annual temperature is
1.9 ◦C; 74% of the 616 mm  average annual precipitation falls in
ummer (June–August). There is very little precipitation during
utumn, winter and spring (September–May). Frequent dry and
indy weather in spring produces serious drought stress.
The  experimental orchard was on ﬂat terrain that had been
lanted with peach Trees 12 years previously. The soil was homo-
eneous and had a coarse sandy texture (11.0% clay, 3.0% silt,
2% sand, 4% gravel) at depths of 0–20 cm.  Soil bulk density was
.37 g kg−1, organic matter content was 9.9 g kg−1, and volumetric
eld capacity was 19.4%. The experimental area was approximately
00 m × 400 m and surrounded by orchards of peach trees. The den-
ity of peach trees at the experimental site was ca. 1250 ha−1. The
verage height of the trees was 2.5 m.  The orchard was  maintained
ith natural grass mulch, but no tillage. The trees were watered
ith a traditional ﬂooding irrigation procedure. The orchard was
ooded (1800 mm ha−1) before winter and during the bud-opening
eriod.
.2. Theory
An  orchard’s surface energy balance at the soil–atmosphere
nterface may  be quantitatively described as follows:
n = H + E + G (2.1)
 = Rn − G (2.2)
here Rn is net radiation ﬂux density (W m−2), H is the sensible heat
ux density (W m−2), E is the latent heat ﬂux density (W m−2), G
s the soil heat ﬂux density (W m−2), and the available energy (A) is
he difference between Rn and G (W m−2). Rn and G are measured
irectly by instruments. E, H and CO2 ﬂux density (FC) are deter-
ined by the eddy covariance system, whose values are calculated
s follows:
E = w′′v (2.3)
 = aCpw′T ′ (2.4)
C = w′c′ (2.5)
here w′ (m s−1), ′v (g m−3), T′ (◦C) and c′ (mg  m−3) are ﬂuctua-ions in vertical wind velocity, water vapour, temperature and CO2
oncentration, respectively; a is air density (g m−3); Cp is air spe-
iﬁc heat at constant pressure (J kg−1 K−1); and  is the latent heat
f water vapourisation (J g−1). Management 129 (2013) 80– 86 81
WUE at the peach orchard canopy level may be represented by
the ratio of net CO2 exchange to actual evapotranspiration per unit
land area. WUE  was  calculated on a daily basis as the ratio of daily
FC to daily evapotranspiration. Instantaneous WUE  was calculated
similarly, but using 30 min  mean values rather than 24 h data, as
follows:
WUE  = FC
ETa
(2.6)
where WUE  was recorded at the canopy level (g CO2 kg−1 H2O), FC
is CO2 ﬂux density (mg  m−2s−1) at the peach orchard canopy level,
ETa is actual evapotranspiration at the peach orchard canopy level
(kg m−2 s−1).
The evaporative fraction (EF) is the ratio of latent heat ﬂux to
available energy. It has been used to characterise the energy parti-
tion over land surfaces (Nichols and Cuenca, 1993) and is calculated
as follows:
EF = E
A
= E
RN − G
(2.7)
We determined these daily and seasonal characteristics of
energy, water and CO2 ﬂux exchange between the peach orchard
soil surface and atmosphere during the entire growth period, with
particular focus on the periods after fruit harvest, after leaf fall,
during ﬂowering, during ﬁrst fruit development, during the second
fruit enlargement period and during fruit ripening.
2.3. Eddy covariance, micrometeorological and leaf area index
measurements
CO2, sensible heat, and latent heat ﬂuxes of the peach orchard
were measured 4.0 m above the ground by the eddy covari-
ance method. We  used a CO2/H2O infrared analyser (Li-7500;
LI-COR, Inc., Lincoln, NE, USA) and a three-dimensional supersonic
anemometer (CSAT-3; Campbell Scientiﬁc Inc., Logan, UT, USA)
mounted on a horizontal bar extending from a tower. The observa-
tion site had a wide fetch of at least 500 m in all directions, which
allowed us to neglect heat advection in the peach orchard. Short-
wave and long-wave radiation from the sky and the land surface
were measured with a net radiometer (CNR-1; Kipp and Zonen)
4.0 m above ground. Air temperature and humidity (data used in
ﬂux corrections) were measured with a temperature and relative
humidity probe (HMP45C; Campbell Scientiﬁc Inc.). Soil surface
temperatures (0.02 m and 0.06 m below soil surface) and soil heat
ﬂux were measured with temperature probes (TCAV; Campbell Sci-
entiﬁc Inc.) and self-calibrating heat ﬂux sensors (HFP01; Campbell
Scientiﬁc Inc.) buried 0.01 m below the soil surface at two  different
points; the averaged data were used in our analysis. Fluctuations
in wind speed, sonic virtual temperature, and CO2 and H2O con-
centrations were sampled with the digital micrologger at 10 Hz.
Details of instrumentation and measurement indices are listed in
Table 1. WPL  density correction was  applied to ﬂuxes of CO2 and
water vapour (Webb et al., 1980). Linear interpolation between val-
ues adjacent to missing or abnormal value(s) during rainy days was
used for ﬁlling small gaps (2–3 half-hourly means missing) (Falge
et al., 2001). Flux values were recorded in 30 min  intervals with a
data-logger (CR5000; Campbell Scientiﬁc Inc.) (Guo et al., 2012).
To  estimate daily reference crop evapotranspiration (ET0) using
the FAO-Penman-Monteith methodology (Equation 6 in FAO-56,
Allen et al., 1998), we measured a selection of climatic parame-
ters (solar radiation, air temperature, relative humidity and wind
speed). Solar radiation was measured with a total solar radiation
sensor (LI-200X; LI-COR Inc.). Photosynthetically active radia-
tion (PAR) was  measured with an LI-190SB (LI-COR Inc.) sensor
calibrated to the action spectrum of photosynthesis. Air tempera-
ture and humidity were measured 2.0 m above the ground using
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Table 1
Meteorological variables measured at site with model number and manufacturer of instrumentation.
Systema Measurement index Sensor name (model) Manufacturers Installation height and depth/cm
1
Three-dimensional wind speed
ﬂuctuation
Ultrasonic anemometer (CSAT3) Campbell Scientiﬁc Inc 400
CO2 and H2O content ﬂuctuation CO2 and H2O infrared sensors (LI-7500) LI-COR, Lincoln, NE, USA 400
Net  radiation ﬂux Net radiation sensor (CNR1) Kipp & Zonen 400
Soil  heat ﬂux Soil heat ﬂux probe (HFP01) Campbell Scientiﬁc Inc 2
Soil  water content Soil moisture content reﬂectometer (CS615) Campbell Scientiﬁc Inc 3–6
Soil  temperature Soil temperature sensor (TCAV) Campbell Scientiﬁc Inc 2, 6
Air  temperature and humidity Air temperature and humidity sensor (HMP45C) Campbell Scientiﬁc Inc 400
2
Total  solar radiation Total solar radiation sensor (LI-200X) LI-COR, Lincoln, NE, USA 400
Photosynthetic  active radiation Photosynthetic active radiation sensor (LI-190SB) LI-COR, Lincoln, NE, USA 400
Wind  speed and direction Wind speed and direction sensor (034B-L) Campbell Scientiﬁc Inc. 800
Air  temperature and humidity Air temperature and humidity sensor (HMP45C) Campbell Scientiﬁc Inc. 200
Rainfall  Rainfall sensor (TE525MM) Campbell Scientiﬁc Inc. 70
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D
evaporation ratio decreased in the fruit ripening stage, but daily
evapotranspiration reached a maximum of 7 mm d−1. WUE  in the
orchard was relatively high in the morning, and decreased through-
out the remainder of the day. WUE  was  dependent on growth stage,Soil  water content Soil moisture content reﬂecto
a 1 is eddy covariance system, 2 is automatic weather station.
he temperature and relative humidity probe mentioned above
HMP45C; Campbell Scientiﬁc Inc.). Wind speed and direction 6.0 m
bove the ground were measured with cup anemometers (034B-
; Campbell Scientiﬁc Inc.). Soil water was measured with a soil
oisture reﬂectometer (Envensmart; Campbell Scientiﬁc Inc.) at
oil depths of 0–0.7 m.  Precipitation was measured with a tipping
ucket rain gauge (TE525MM; Campbell Scientiﬁc Inc.) 0.7 m above
he ground surface. Details of instrumentation and measurement
ndices are listed in Table 1. Measurements were sampled at 1 Hz,
nd stored in 30 min  intervals on a CR3000 (Campbell Scientiﬁc Inc.)
atalogger. Leaf area index (LAI) at fruit maturity was measured
ith an LI-2000 (LI-COR Inc.) plant canopy analyser.
. Results
.1. Parameter variability in the peach orchard
The LAI during the fruit ripening period was 3.98. The largest
uctuation in soil moisture was in the depth range 0–40 cm (total
epth range checked: 0–70 cm). Moisture in the depth range
0–70 cm was relatively stable throughout the growth period
Fig. 1a). Fluctuation in soil moisture was inﬂuenced mainly by
ainfall frequency and intensity, and by orchard evapotranspira-
ion. Volumetric soil water content at depths of 0–20 cm was  less
han 14% during tree dormancy. Cumulative precipitation during
he monitoring period was 473.5 mm.  Rainfall in the period from
une to September accounted for 89.9% of total precipitation. Maxi-
um daily precipitation was 52.5 mm (August 22, 2010, DOY233);
here was no precipitation from February 8 (DOY39) to October
6 (DOY298) 2010 (Fig. 1b). The highest daily temperature during
he monitoring period was 36.29 ◦C (August 16, 2010, DOY227),
nd the lowest was −15.77 ◦C (January 17, 2011, DOY17). The
verage monthly temperature during the monitoring period was
n the range −5.2 ◦C to 29.2 ◦C; the lowest monthly average was
n January. Average monthly solar radiation was highest in May
17.6 MJ  d−1) and lowest in December (3.8 MJ  d−1) (Fig. 1c).
.2. Energy balance through the year; diurnal variation in WUE
nd  evapotranspiration in the orchard
On sunny days, the components of energy balance, diurnal vari-
tion in WUE  and evapotranspiration were dependent on tree
rowth stage. Fig. 2 presents plots of diurnal variation in the
0 min  averages of A, LE, H, net CO2 ﬂux and WUE  during differ-
nt growth stages on sunny days in the orchard: post-harvest stage
Fig. 2a, DOY235), leaf fall stage (Fig. 2b, DOY304), ﬂowering stage
Fig. 2c, DOY99), fruit enlargement stage (Fig. 2d, DOY129; Fig. 2e,
OY160) and fruit ripening stage (Fig. 2f, DOY190). The midday (Envensmart) Campbell Scientiﬁc Inc. 0–70
(11:00–13:00) average of available energy reaching underlying sur-
faces was lowest (294 W m−2) during the leaf fall stage, and about
554 ± 47 W m−2 during other growth stages (Table 2). The mid-
day EF (E/A) fell to a minimum value of 12.1% during the leaf fall
stage when the daily evapotranspiration rate was  0.7 mm d−1. The
midday average evaporation ratio rose to 41.7% during the ﬂow-
ering stage, reaching a maximum value during fruit enlargement
when the daily evapotranspiration rate was 6 mm d−1 and the mid-
day latent heat ﬂux accounted for 85–90% of available energy. TheFig. 1. Seasonal patterns of daily meteorological parameters measured in the peach
orchard during the monitoring period. (a) Volumetric soil water content, (b) daily
average and maximum air temperatures, (c) total solar radiation.
Z.-P. Ouyang et al. / Agricultural Water Management 129 (2013) 80– 86 83
F osynt
d Novem
1 d frui
p
r
p
i
(
t
W
i
n
tig. 2. Diurnal courses of 30 min  mean values of energy balance components, phot
uring different developmental stages. (A) August 24, 2010, after fruit harvest, (B) 
0,  2011, during the ﬁrst fruit enlargement stage, (E) June 9, 2011, during the secon
eaking at 8.0 g CO2 kg−1 H2O during the post-harvest stage. The
ank order of average daily WUE  in the growth stages was fruit
ost-harvest period > second fruit enlargement period and ripen-
ng period > ﬂowering period and ﬁrst fruit enlargement period
Table 2). Through a comprehensive analysis of meteorological fac-
ors inﬂuencing WUE  at the orchard-scale, we  determined that
UE was inﬂuenced mainly by vapour pressure deﬁcit (VPD) dur-
ng the robust growth stage during the daytime. There was  a strong
egative linear correlation between daytime WUE  and VPD during
his growth stage. The correlation between these parameters washetic rate at the canopy level and water use efﬁciency (WUE)  in the peach orchard
ber 1, 2011, after leaf fall, (C) April 10, 2011, during the ﬂowering stage, (D) May
t enlargement stage, (F) July 9, 2011, during the fruit ripening stage.
strongest during the fruit ripening stage, but there was no discern-
able relationship between the two during the ﬂowering stage (Fig. 3
and Table 3).
3.3.  Annual cumulative evapotranspiration and seasonal trends
in  WUE  in the orchardFig.  4 plots the seasonal trends in daily net ecosystem CO2
exchange, actual evapotranspiration and WUE  in the peach orchard.
During the entire monitoring period, the plot of water dissipation
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.Fig. 3. Relationship between water use efﬁciency (WUE) and saturation vapour
pressure  deﬁcit (VPD) at the canopy level in the peach orchard during different
developmental  stages.
tracked a U-shaped curve. During the dormancy period (November
1, 2010 to February 28, 2011), evapotranspiration in the orchard
was relatively stable at an average daily rate of 0.39 ± 0.28 mm.
Following snowfall (February 10–17, 2011), daily evapotranspira-
tion increased rapidly to 1.2 mm.  During the robust growth period,
when there were gradual increases in LAI, precipitation intensity
and frequency, air temperature and solar radiation, orchard system
evapotranspiration gradually increased and became more variable.
In the late fruit enlargement and ripening stages, evapotranspira-
tion peaked at a daily maximum value of 7.1 mm (July 9, 2011,
DOY190) (Fig. 3a). Across the entire monitoring period, average
daily actual evapotranspiration was 2.3 ± 2.1 mm,  and the annual
cumulative actual and reference crop evapotranspiration values
were 790.6 mm and 730.9 mm,  respectively (Fig. 5). In this no-till
peach orchard with ﬂooding irrigation management, the average
crop coefﬁcient was 1.08 over the whole growth period under cli-
mate conditions described in Section 2.1.
Fig. 4. Seasonal patterns of (a) daily net CO2 ﬂux, (b) actual evapotranspiration and
(c) water use efﬁciency (WUE) in the peach orchard across developmental stages.
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Table 3
Regression equation relating water use efﬁciency (gCO2 kg−1 H2O) to saturation vapour pressure deﬁcit (kPa) in the peach orchard during different development stages.
Date (DOY) Regression equation Degree of freedoma (  ˛ = 0.01) r2
Correlative coefﬁcient*
Aug. 24, 2010, DOY235 y = −5.4849x + 16.159 33 0.7674*
May  0, 2011, DOY129 y = −1.1697x + 4.7675 34 0.7771*
Jun. 9, 2011, DOY160 y = −1.4673x + 6.6951 36 0.8052*
Jul. 9, 2011, DOY190 y = −1.4425x + 8.0849 34 0.9132*
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5a Degree of freedom is the number of values used to analyse the relationship bet
* There is a highly signiﬁcant correlation between WUE  and VPD at the  ˛ = 0.01 le
We  calculated average daily WUE  at the whole orchard
cale over the growing period based on daily net ecosystem
O2 exchange and the actual evapotranspiration monitored by
he eddy covariance technique. There was a single peak in
UE during the year. During the ﬂowering and early fruit
nlargement stages, WUE  was relatively low (at a relatively con-
tant rate of 0.5 g CO2 kg−1 H2O). The rate gradually increased
hrough the late fruit enlargement and post-harvest stages. Dur-
ng late September, after the fruit harvest (DOY260–290), WUE
eached a maximum, with average daily WUE  values within the
ange 0.5–2.1 g CO2 kg−1 H2O. From mid- to late-October, orchard-
cale WUE  declined rapidly with decreasing solar radiation and
emperatures (Fig. 4c). Orchard-scale average daily WUE  was
.26 g CO2 kg−1 H2O over the whole year, based on estimates
f daily average evapotranspiration and daily net orchard CO2
xchange.
. Discussion
Evapotranspiration and WUE  in terrestrial ecosystems are
ainly inﬂuenced by vegetation type, climate and agricultural
anagement practices. Management measures in orchard planta-
ions, such as no-tillage, uneven spacing and incomplete vegetation
overage, result in a two-tier vertical conﬁguration comprising
nderstorey vegetation and fruit tree canopy; this spatial organisa-
ion makes it difﬁcult to measure different components of orchard
vapotranspiration ﬂux (Williams et al., 2004) and WUE. During
he robust period in an irrigated olive grove, when LAI was  in the
ange of 0.3–1.9, average hourly grove-scale WUE  was  reported to
e highly correlated with VPD (Testi et al., 2004). This correlation
s consistent with our measurements, which showed that the
verage 30 min  WUE  at the orchard-scale was negatively linearly
orrelated with VPD. In a typical Chinese ecological system, WUE
ncreases in cloudy weather (cloud cover in the range of 0.4–0.6)
ecause VPD decreases under cloud cover, causing a reduction in
ig. 5. Trends in cumulative peach evapotranspiration (measured with the eddy
ovariance technique) and crop reference evapotranspiration (estimated by the FAO
6 approach) during the monitoring period.WUE  and VPD.
evapotranspiration and a resulting increase in WUE  and net ecosys-
tem carbon exchange capacity (Zhang et al., 2011). Hagen and
Skidmore (1974) reported that reduced air turbulence exchange
may increase canopy-level WUE  for most crops because a third
of the energy consumed in evaporation comes from sensible heat
advection; hence, a reduction in heat advection causes a reduction
in evapotranspiration and a resulting increase in crop WUE. These
results may  explain why WUE  of kiwi orchards with shelter belts
correlate only weakly with solar radiation and moisture dissipation
(Judd et al., 1993). Brümmer et al. (2012) reported that although
climate conditions, LAIs and ecosystem biomasses of grassland,
peatland and forest differ, their ecosystem-scale WUE  values are
within a relatively stable constant range (2.6–3.6 g CO2 kg−1 H2O).
Orchard-scale WUE  is also inﬂuenced by soil moisture content;
for example, De Azevedo et al. (2006) found that WUE  decreased
as water irrigation increased in a 6-year-old coconut tree plan-
tation. On the other hand, Yan et al. (2006) found that seasonal
WUE was  positively correlated with seasonal precipitation in an
alpine meadow during the robust growth season. Using the eddy
covariance technique, we found that diurnal variation in WUE  at
the orchard-scale was signiﬁcantly inﬂuenced by VPD in the rapid
growth stage, but there was no such relationship in the ﬂowering
stage. This may  be related to the characteristics of the orchard
ecosystem, the extent of ground vegetation cover at different
times of the year and meteorological factors such as differences in
vapour pressure. Unlike most ﬁeld crops, the orchard ecosystem
has a two-tier structure comprising surface vegetation and the tree
canopy. The understorey vegetation does not fully cover the ground
surface over the whole growth period. LAI values and understorey
vegetation cover during the ﬂowering and early fruit enlargement
stages were relatively low, and soil evaporation was signiﬁcantly
elevated. However, during the fruit enlargement and ripening
stages, physiological water demand and water consumption were
highest. In the post-harvest stage, air temperature was relatively
low, and LAI and net CO2 ﬂux at the orchard-scale were relatively
high. Thus, WUE  differs between pre- and post-harvest stages.
Under  current orchard precision-irrigation management pro-
tocols, the amount of supplementary water added is usually
based on the orchard crop coefﬁcient in combination with the
Penman–Monteith method recommended by the FAO (Allen et al.,
1998). In the peach orchard we  studied, the annual average crop
coefﬁcient was  1.08, which is 27% higher than that recommended
by FAO (Allen et al., 1998). Pac¸ o et al. (2006a) reported that in
a Mediterranean peach orchard with 29% vegetation cover, the
crop coefﬁcient was  30% lower than that recommended by FAO
(Allen et al., 1998). Furthermore, estimated crop coefﬁcients were
in the range of 0.5 and 0.7 in a 3- to 4-year-old drip-irrigated peach
orchard located on sandy soil (Pac¸ o et al., 2006b); these latter values
also differ from those listed in FAO Irrigation and Drainage Paper
56. Abrisqueta et al. (2013) used drainage lysimeters and measured
changes in the basic crop coefﬁcient (Kcb) of full-yield peach trees
under drip irrigation through the growing season, with values grad-
ually increasing from 0.15 at the beginning of the year (January) to
a maximum of 1.0 in July, followed by a rapid fall to 0.15 at the
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Zhang, M.,  Yu, G.R., Zhuang, J., Gentry, R., Fu, Y.L., Sun, X.M., Zhang, L.M., Wen, X.F.,6 Z.-P. Ouyang et al. / Agricultural
ear end. Testi et al. (2004) reported that when fruit tree cover
ncreased in an irrigated grove of olive saplings, the crop coefﬁcient
lso increased. Cammalleri et al. (2013) found that, in the absence of
ater stress in an irrigated olive grove, the seasonal average value
f the “single” crop coefﬁcient was ca. 0.65, a value closely similar
o those in other reports. However, values of 0.34 and 0.41 were
alculated when there was limited water availability in the root
one (Cammalleri et al., 2013). Wang et al. (2007) reported that the
rop coefﬁcient of pecans varied according to tree age, tree spac-
ng, growth stage within a season, and local weather conditions.
learly, there are many determinants of calculated crop coefﬁcients
or any particular orchard. Therefore, provision of basic data for pre-
ision irrigation management and efﬁcient use of water resources
ill require systematic study of orchard crop coefﬁcients across
limates, different types of fruit trees, different growth stages and
ifferent irrigation management methods.
. Conclusion
We  used an eddy covariance technique to characterise evapo-
ranspiration and WUE  in a no-tillage peach orchard with coarse
and located in northern China. At the orchard-scale, diurnal
ariation in WUE  was not correlated with VPD during the tree
owering stage, but was highly correlated with VPD during the
obust growth stage. The plots of both average daily cumula-
ive evapotranspiration and average daily WUE  had single peaks,
ut the peaks occurred in different growth stages: evapotranspi-
ation peaked during the fruit ripening stage, and WUE  peaked
uring the post-harvest stage. Cumulative annual evapotranspira-
ion and average daily WUE  at the orchard-scale were 790.6 mm
nd 1.26 g CO2 kg−1 H2O, respectively; the average crop coefﬁcient
n the orchard was 1.08. Evapotranspiration at the canopy level
ncreased signiﬁcantly under semi-arid and sub-humid conditions.
eak water demand in the orchard occurred between the late fruit
nlargement and fruit ripening stages.
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